Global dynamo simulation of ionospheric currents and their connection with the equatorial electrojet and counter electrojet : a case study by Hanuise, Christian et al.
Global dynamo simulation of ionospheric currents and
their connection with the equatorial electrojet and
counter electrojet : a case study
Christian Hanuise, Christine Mazaudier, Paul Vila, Michel Blanc, Michel
Crochet
To cite this version:
Christian Hanuise, Christine Mazaudier, Paul Vila, Michel Blanc, Michel Crochet. Global
dynamo simulation of ionospheric currents and their connection with the equatorial electrojet
and counter electrojet : a case study. Journal of Geophysical Research, American Geophysical
Union, 1983, pp.253-270. <hal-00977429>
HAL Id: hal-00977429
http://hal.upmc.fr/hal-00977429
Submitted on 11 Apr 2014
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 88, NO. A1, PAGES 253-270, JANUARY 1, 1983 
GLOBAL DYNAMO SIMULATION OF IONOSPHERIC CURRENTS 
AND THEIR CONNECTION WITH THE EQUATORIAL ELECTROJET 
AND COUNTER ELECTROJET: A CASE STUDY 
Christian Hanuise 
Laboratoire de Sondages Electromagn•tiques de l'Environnement Terrestre, 
Universit• de Toulon, 83100 Toulon, France 
Christine Mazaudier, Paul Vila, and Michel Blanc 
Centre National d'Etudes des T•l•communications/Centre de Recherches en 
Physique de l'Environnement, 92131 Issy-les-Moulineaux, France 
Michel Crochet 
Laboratoire de Sondages Electromagn•tiques de l'Environnement Terrestre, 
Universit• de Toulon, 83100 Toulon, France 
Abstract. The interrelationship of equatorial and 
planetary scale ionospheric horizontal currents on quiet 
days is studied by means of a global ionospheric wind 
dynamo simulation. This simulation aims at reproducing 
magnetic and radar data first for a normal quiet day, 
and then for the strong counterelectrojet event of 
January 21, 1977, which was previously studied in detail 
on the basis of coherent backscatter radar data for the 
Addis-Ababa location. For the reference quiet day 
(January 27, 1977), the pattern of low and middle 
latitude currents and electric fields can be roughly 
reproduced by a combination of the (1,-2) and (2,2) solar 
tides. Both the Sq current system, and the global 
electrostatic potential distribution as derived by 
Richmond et al. [1980] from incoherent scatter data 
are well simulated. Direct comparison of the computed 
electric field with the quiet-day averages available for 
each radar site also show an excellent agreement on the 
east-west component, but a poorer one on the north- 
south component. The counterelectrojet simulation is 
performed by fitting the H component trace at the 
magnetic equator and the D trace at midlatitudes. The 
result appears to give a consistent solution to the 
problem of the electrical connection between the 
equatorial counterelectrojet and the planetary dynamo 
layer. Two horizontal current vortices of opposite 
directions are found to flow at low latitudes on each 
side of the noon sector, anticlockwise in the morning 
and clockwise in the afternoon. They both produce a 
poleward current flow at low latitudes at noon, a 
feature that is detected on the magnetic records. The 
counterelectrojet event is reproduced by a combination 
of the (2,2) and (2,#) solar tides, assuming that the 
contribution of the diurnal tide to the altitude- 
integrated current flow cancels out. This result is in 
agreement with a previous simulation study of the 
counterelectrojet phenomenon. 
Introduction 
Stewart [1882] postulated that the daily oscilla- 
tions in ground magnetic records originate from a 
dynamo action in the upper atmosphere. The analysis of 
these regular variations in the earth's magnetic field led 
to the concept of the Sq system [Chapman and Bartels, 
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19#0]. Dynamo theory was subsequently developed on 
the basis of these early experimental studies. Its main 
purpose was the calculation of electric currents resul- 
ting from a specific distribution of the neutral wind, 
selected so that the theoretical currents provided the 
best representation of experimental data [Maeda, 1955; 
Kato, 1956; Stening, 1969; Matsushita and Maeda, 1965; 
Tarpley, 1970a ]. 
From 1958 onward incoherent scatter radars made 
possible a more direct access to some upper atmosphere 
parameters. Experimental studies on neutral winds 
[Bernard and Spizzichino, 1971; Harper, 1971; Evans, 
1972; Brekke et al., 1973; Amayenc, 197#; Bernard, 
197#; Salah et al., 197#; Harper et al., 1976] and on 
electric fields [ Woodman, 1970; Evans, 1972; Brekke et 
al., 197#; Carpenter and Kirchhoff, 1975; Blanc and 
Amayenc, 1979• Harper, 1977] have brought some 
improvements to dynamo theory [Richmond et al., 
1976; Forbes and Lindzen, 1976a, b, 1977; Richmond, 
1979]. Recent empirical calculations of the dynamo 
electric currents at Arecibo [ Kirchhoff and Carpenter, 
1976], Millstone Hill [Salah and Evans, 1977] and 
Saint-Santin [Mazaudier and Blanc, 1982] have also 
contributed to a better definition of the neutral wind 
source from localized observations. However, a consis- 
tent synoptic picture of these experimental data is still 
to be made. 
Most of the Sq current flow appears to originate 
from the S(1,-2) tide [ Stening, 1969; Tarpley, 1970b; 
Volland, 1971b], the dynamo effect of which is maxi- 
mum in the 120- to 200-kin height range during the day 
[Volland, 1971a; Richmond et al., 1976; Forbes and 
Lindzen, 1976a]. Semidiurnal tides S(2,2) and S(2,#) also 
make a substantial contribution to the electric currents 
and fields [Richmond et al., 1976; Kirchhoff and 
Carpenter, 1976; Forbes and Lindzen, 1976a,b, 1977; 
Salah and Evans, 1977; Harper, 1977]. The solar tide 
S(2,2) produces much more current than the S(2,#) tide, 
which has a vertical wavelength half as long [Tarpley, 
1970b]. 
Along the magnetic equator, Sq currents usually 
flow eastward during daytime and are at the origin of 
the equatorial electrojet [Martyn, 19#8; Chapman, 
1951], which can be observed on the ground as a sharp 
amplification in the daily variation of the magnetic 
field horizontal component. The daytime reversal of 
this current during magnetically quiet periods has been 
given the name of counterelectrojet [ Gouin and 
Mayaud, 1967]. Its characteristics have been studied 
mainly from ground-based magnetograms, on. which it 
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can be detected as a daytime depression of the 
horizontal component of the equatorial magnetic field 
during a period of magnetic quiet [ Hutton and 
Oyinloye, 1970; Fambitakoye, 1971; Fambitakoye and 
Mayaud, 1976; Mayaud, 1977; Marriott et al., 1979]. 
Mayaud [1977] pointed out that it can actually be 
unambiguously characterized only on the basis of an 
observed reversal of the latitudinal profile of H in the 
vicinity of the magnetic equator. Strong events, defined 
for example as tho.• with a negative depression greater 
than 507 (17 = 10 -J Tesla), are very few. Five of them 
have been observed in Addis-Ababa, Ethiopia, during 
23 years of magnetic recordings. 
Abnormal features in the magnetic variations are 
sometimes simultaneously present at nonequatorial lati- 
tudes [ Mayaud, 1977; Stening, 1977 ]. On occasions, the 
reverse current seems to be associated with the 
imposition of a current system generated by a semi- 
diurnal mode [Stening, 1977]. In fact, some weak 
events have been reproduced by a combination of solar 
diurnal S(1,-2) and semidiurnal S(2,2) and S(2,4) tidal 
modes [ Marriott et al., 1979 ]. 
Some ionospheric effects are associated with the 
counterelectrojet phenomenon. The equatorial spora- 
dic E (Esq) traces disappear from ionograms when the 
current reverses [Fambitakoye et al., 1973]. The radar 
echoes and associated Doppler spectra (type I and 
type 2) usually detected in the electrojet also disappear 
[Rastogi, 1973; Fejer et al., 1976]. Other types of 
spectra have been observed in Addis-Ababa during a 
counterelectrojet with strong amplitude which occurred 
on January 21, 1977 [Crochet et al., 1979 ]. Whereas 
the first one, or O type, has been associated with the 
unstable modes of the usual dispersion equation in the 
electrojet in the absence of large scale irregularities 
[Hanuise and Crochet, 1981], the origin of the second 
or H type has not been unambiguously determined. 
The primary aim of the dynamo numerical simula- 
tion presented below is to find which neutral wind 
system can produce a strong counterelectrojet. We have 
also tried to solve simultaneously the problem of the 
origin of type H echoes and then to simulate the 
January 21, 1977, event. The presence of quasi- 
horizontal plasma waves at the bottom of the E layer 
has been suggested, but this hypothesis requires a 
130 m/s westward neutral wind. Such a value seems 
high, even though exceptional phenomena in the neutral 
atmosphere are probably associated with a strong 
counterelectrojet. In the absence of any experimental 
wind data, the altitude profile of the neutral wind at 
the equator deduced from the simulation provides a test 
of the validity of this hypothesis. 
The first part of our study presents the dynamo 
model and the solar tide models used for the computa- 
tions. In the second part, the model is tested by the 
simulation of a magnetically quiet day. The computed 
electric field is then compared with ionospheric electric 
field models deduced from incoherent scatter measure- 
ments. The analysis of radar and magnetic observations 
on the counterelectrojet day is presented in the third 
section. The simulation of the magnetic variation on 
this day follows in the fourth part. 
1. Dynamo Model 
Our dynamo model is basically the same as was used 
to study the electric fields generated during magnetic 
storms at middle and low latitudes by the thermospheric 
winds due to auroral heating [Blanc and Richmond, 
1980]. We shall describe it only briefly. 
For a given wind system, the ionospheric electric 
field• and current density •" are determined by the 
dynamo equations: 
E = -V• 
7.3=0 
uxB)+o H bx +ux (1) 
(2) 
(3) 
where o/I, o..,, and ou are t•e parallel, Pedersen, and Hall conl!!uct['vities, i•/ and E l are the components of
the electric field al•allel and perpendicular t• the 
geomagnetic field B, b is a unit vector parallel to B, and 
c:p is the electrostatic potential. As the parallel conduc- 
tivity o// is much larger than the transverse conductivi- 
ties o •nd o.. throughout the dynamo region, we make 
the n•rmal asr[umption that Oil is infinite, so that El/ 
must be null and ß constant •tlong the magnetic fier/J 
lines. Moreover, outside the equatorial electrojet 
region, for magnetic latitudes above 10 ø, we can use 
the thin shell approximation and regard the electric and 
magnetic fields as constant along each field line within 
the dynamo layer. There is no need to assume a null 
vertical current, but this will be necessarily the case at 
the top of the dynamo layer for wind systems symme- 
tric relative to the magnetic equator. 
The resulting two-dimensional dynamo equation has 
been solved between the high latitude and equatorial 
electrojet boundaries. Electrostatic potential is assu- 
med to be null at the 74 ø high latitude boundary. At the 
equatorward boundary, the planetary dynamo region is 
connected to the equatorial electrojet, which is visua- 
lized as a thin wire to avoid the complexity of 
calculating its detailed structure. The total current I F 
flowing between + 10 ø and - 10 ø magnetic latitude mus•t 
then be simply proportional to the zonal electric field 
E½ at the boundary and does not depend on the winds or 
gradients. The proportionalfry factor S has the same 
local time dependence as the ionospheric conductivities, 
with a noontime value of 3.83 x 10 mhos x m. This 
value is deduced from the two-dimensional electrojet 
model of Richmond [1973 ] adjusted to the east African 
conditions by Gagnepain [ 1976]. For the continuity of 
current across the electrojet to be maintained, the 
meridional current flow 30 at this boundary must be 
balanced by a zonal variation of the total electrojet 
current. The equatorial boundary condition is therefore 
I d(SE½) 
30 = R E sin0 de (4) 
where RF is the earth's radius. 
The i•ntegrated Pedersen conductivity varies during 
the daytime as 
Z = Zø cosX (Bo/B) (5) P P 
where is the solar zenith angle and B is the magnetic 
field value at the equator. During the nøight, 
o 
z 
- P (Bo/B) (6) Zp- 30 
The subsolar Pealersen conductance has been taken as 
29 mho and a smooth transition, modeled as a parabolic 
function of X, imposed on the sectors over 20 ø of this 
parameter. Finally, the Hall to Pealersen conductivities 
ratio is taken as 1.7 and a dij•ole magnetic field with an 
equatorial value of 0.28 x 10 T is used. 
The dynamo equation is solved for the electrostatic 
potential by a finite difference method. The discretiza- 
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Fig. 1. Characteristics of the three tidal modes included in the dynamo simulation. (a) Altitude 
variation of their amplitude and phase (from Salah and Evans [ 1977] ). (b) Latitude variation of 
their eastward and northward component (from Marriott et al. [ 1979]). 
tion grid involves 24 latitudes and 106 longitudes with a 
nonuniform grid step. A 2 ø step is used in the vicinity of 
the low and high latitude boundaries and around dawn 
and dusk, and a #o step everywhere else. The validity of 
a solution is tested by computing for every grid point 
the divergence of the total current flow. 
The individual contributions of the diurnal (1,-2) and 
semidiurnal (2,2) and (2,4) tidal modes have been 
computed by means of the dynamo model. Other solar 
tidal modes and the lunar tidal modes have been 
neglected as most of the magnetic or electric fields 
variations can be reproduced without them; moreover at 
the dip equator the magnetic field average amplitude 
resulting from lunar tides only amounts to 20•' [Gupta, 
1973], while our counterelectrojet depression reaches 
-60•' . As our knowledge of the wind source profile of 
the lunar tide is still very incomplete we restrict our 
computation to the better known solar tidal modes 
[ Marriott et al., 1979; Walton and Bowhill, 1979 ]. The 
altitude profiles of amplitude and phase for the three 
chosen modes are those used by Salah and Evans 
[1977]. They have been derived from seasonally avera- 
ged temperature data below 125 km [Salah et al., 
1975] and $aint-Santin incoherent scatter data above 
this altitude [Amayenc, 1974]. The diurnal (1,-2) and 
semi-diurnal (2,2) modes are modified to take into 
account the dissipation due to ion drag [Richmond, 
1971 ]. The altitude and latitude profiles are shown in 
Figure 1. 
In order to allow for a possible phase shift of each 
mode, the dynamo c•lculation was performed not only 
for its normal wind distribution; but also for a wind 
distribution in quadrature with respect to the normal 
distribution. A linear combination of the 'in phase' and 
quadrature sources thus allows us to reproduce any 
arbitrary phase shift in the tidal mode considered. 
The associated patterns of the height integrated 
horizontal current densities are presented in Figure 2. 
The diurnal mode (1,-2) generates a current pattern 
similar to Sq, with an eastward current flow at low 
latitudes during daytime and a vortex centered between 
25 ø and 30 ø latitude. The current systems generated by 
the two semidiurnal modes show two vortices, with a 
morning eastward component at low latitudes for the 
(2,2) mode, reversing around 1500 LT, and with a 
westward low-latitude component for the (2,#) mode 
around midday. The current generated by this latest 
mode is in fact an order of magnitude smaller than the 
one produced by the two other modes. As was already 
noticed by Tarpley 1970b this is a consequence of its 
short vertical wavelength, which is comparable to the 
thickness of the dynamo layer. 
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Sq current system with a vortex centered around 30 ø. 
The electric field E'• computed for each mode is 
purely eastward or westward at the magnetic equator. 
It is observed on the ground as a variation AH of the 
horizontal component of the magnetic field. The rela- 
tion between E½ and AH depends on the solar zenith 
angle and is derived from an electrojet model [ Richmond, 1973 ]. The AH variation deduced from the 
simulation is shown in Figure 3 for each of the three 
modes (Figure 3a) and their quadrature values (Figure 3b). In Figure 3a, the diurnal component gives a 
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Fig. 3. Horizontal magnetic variation Z•H produced at the equator by (a) the three tidal modes and 
(b) their quadrature values. A linear combination of these variations, which gives the best fit to 
the experimental equatorial data, is sought. 
positive AH variation during daytime, reproducing the 
Sq variation, with a maximum around 1230 LT. The (2,2) 
semidiurnal mode has its maximum amplitude 
around 1100 LT and reverses around 1•500 LT. Only a 
weak current is generated by the (2,#) semidiurnal mode 
and a small depression in AH is consistently observed 
between 0900 LT and I#00 LT. From these variations, 
we can presume that a normal electrojet signature will 
be reproduced mainly by the diurnal mode. The combi- 
nation of a weak diurnal mode with stronger semidiurnal 
modes, the latter ones being subject to a small phase 
shiJ•t, will be likely to reproduce an afternoon counter- 
electrojet event. 
The method used in our dynamo simulation consists 
in looking for the linear combination of the currents 
generated by each mode which gives the best fit to the 
experimental data. A phase shift of the tidal modes is 
allowed for by introducing the quadrature values of the 
tidal modes in the fit. For the test day, which 
represents the mean quiet time Sq variation, the 
regression is carried out on the equatorial data recorded 
in Addis-Ababa. A mid-latitude station located in the 
same longitude zone (Lvov) has been added to reproduce 
the counterelectrojet variation. The horizontal 
H component and the declination D are thus chosen at 
the equator and at mid-latitudes respectively, as they 
are the most significant parameters in these zones. 
2. Simulation of a Quiet Day 
The dynamo model described in the previous section 
was first used to reproduce the current variation during 
a 'quiet' day. For this test, a day typifying the mean Sq 
variation was chosen. it has been difficult to find such a 
day in the period around the counterelectrojet day as 
the month of 3anuary 1977 was quite unusuaJ on 
magnetic recordings. The linear combination giving the 
best fit to the AH equatorial magnetic variation 
includes both S(I,-2) and S(2,2) modes and the values of 
the quadrature components are given in Table I for 
:lanuary 27, 1977, which was the most 'normal' day in 
the period. The associated AH equatorial variation is 
plotted in Figure # together with the experimental 
variation recorded in Addis-Ababa. The good agreement 
between the two curves does not come as a surprise as 
it is the prerequisite for the simulation but the 
interesting point is the global reproduction of the Sq 
current system (as determined for instance by 
Matsushita [ /968 ]). A counterclockwise current vortex 
centered on local noon and 2•5 ø latitude can be clearly 
seen on the simulated current system, Figure 
The simulated electric field can also be compared 
with the global empirical model developed by Richmond 
et al. [/980]. This model has been derived from 
incoherent scatter data, which give a direct access to 
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TABLE 1. Amplitude and Phase (Relative to the Model of Figure 1) of the Various Tidal Mode Contributions 
Day 
(1,-2) (2,2) (2,4) 
A H MAX A H MAX A H MAX 
Jan. 27, 1977 0.78 + I h 45 0.62 - 0 h 25 
Jan. 21, 1977 1.63 2 h 05 1.25 4 h 45 
the ionospheric electric field. Figure 6 shows the map 
of the equipotential lines of the electric field as 
simulated here, superimposed on the map derived from 
the equinoctial model of Richmond et al. [ 1980]. The 
two maps are quite similar, except for the period 
1800-2400 LT above 30 ø latitude. The potential diffe- 
rence at the equator, computed from the simulation, is 
6.3 kV and is of the same order of magnitude as the 
empirical one. 
The incoherent scatter radars used by Richmond et 
al. [ 1980] are located at Millstone Hill (USA), Arecibo 
(Puerto Rico), 3icamarca (Peru) and Saint-Santin 
(France). Their geographic and geomagnetic coordinates 
are given in Table 2. The diurnal variation of the 
electric field was computed from the simulation for 
each of these stations and in comparison with the 
empirical model. For all the stations, local electric 
field models have moreover been produced [Woodman, 
1970, 1972; Blanc and Amayenc, 1979; Wand, 1981; 
Emery et al., 1981]. In Figure 7 are superimposed the 
eastward and southward electric field components 
derived from the simulation and the global and local 
models. The stations have been classified according to 
their geomagnetic latitude. The simulated eastward 
component agrees very well with both electric field 
models for all the latitudes. At Millstone Hill and 
Saint-Santin the agreement is better with the local 
model than with the model of Richmond et al. [1980]. 
This is in favor of our result as the local model is closer 
to the observations at each individual station than 
Richmond et al.'s model. For the southward component, 
agreement is not so good between the models and the 
simulation. At Millstone Hill, the simulated electric 
field is reversed in the afternoon compared to both 
models. At Saint-Santin, the simulation and Richmond 
et al.'s model show similar variations but do not 
reproduce the observations perfectly. At Arecibo, the 
simulated electric field variations are similar to those 
of the global model but are phase shifted by several 
hours. At 3icamarca the simulated electric field is quite 
different from the local and global models. 
Evans [1978] has presented a comparison between 
the electric fields derived from incoherent scatter 
observations and from a simulation performed by 
Richmond et al. [ 1976] which includes the S(1,-2) and 
S(2,4) tidal modes. The numerical model they used was 
Tarpley [ 1970b], whereas we used the numerical model 
of Blanc and Richmond [ 1980 ]. 
The results of the two simulations (Figure 15 of 
Richmond et al., and Figure 7 of this paper) show a 
slightly better reproduction of the eastward electric 
field in our simulation. The southward component 
measured at Millstone Hill is in better agreement with 
the simulation by Richmond et al. [ 1976]. At 
Saint-Santin, Arecibo and 3icamarca, both simulations 
differ from the observations. 
Richmond et al. [ 1976] fitted their linear combina- 
tion to the International Geophysical Year Sq magnetic 
data [Matsushita, 1968], while our fit was performed 
on the electrojet AH variation. Our model is simpler but 
nevertheless gives a global representation of the iono- 
spheric electric fields (Figure 6). However all observa- 
tional characteristics cannot be reproduced and future 
work will have to improve the model to find a better fit 
with the experimental data. For example, recent elec- 
tric fields studies based on Saint-Santin data 
[Mazaudier, 1982; Mazaudier and Blanc, 1982] show a 
net northward current flow which leads to the hypo- 
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Fig, 4, Horizontal magnetic variation recorded in Addis-Ababa on 3anuary 27, 1977, (solid line) 
together with the result of the regression performed with 5(1,-2) and 5(2,2) tidal modes (dotted 
line), This day gives a typical mean daily equatorial variation, 
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24 
thesis of an interhemispheric current flowing towards 
the southern hemisphere to close the northern 
hemisphere current system. This differs basically from 
the Sq system in which the currents close on each 
hemisphere independently, and it will be essential to 
take these Saint-Santin observations into account for 
developing future numerical simulations. 
3. The January 21, 1977, Counterelectrojet 
The magnetic field variation AH observed at 
Addis-Ababa on January 21, 1977 is shown in Figure 8 
together with the phase velocity measured by radar. We 
shall summarize briefly below the description presented 
in a previous paper [Crochet et al., 1979]. The 
depression recorded on AH around 1500 LT is quite 
exceptional and indicates a very strong counter- 
electrojet. Due to the electron drift velocity, the usual 
type 1 and type 2 Doppler spectra are present until the 
current reversal. The difference between the type 1 
phase velocity and its theoretical value (-• 330 m/s) is a 
measure of the neutral wind velocity around an altitude 
of 105 km. A 60 m/s eastward wind is found until 
1030 LT when it decreases and vanishes. No value can 
be derived after 1200 LT as type I spectra disappear. 
This agrees with the linear theory of plasma 
instability. No echoes are detected after the reversal 
until the current has reached a threshold equivalent to 
AH •_ 50'r or to a drift velocity of 360 m/s. Two new 
types of Doppler spectra then appear simultaneously. 
The first, or O type, has a phase velocity that is equal 
to the sum of the electron drift velocity and the neutral 
wind velocity and corresponds to the unstable modes of 
the linear dispersion equation [Hanuise and Crochet, 
1981]. The second, with a phase velocity constant in 
time and equal to about 200 m/s, has been called 
type H. We shall try to check the various hypotheses as 
to its origin with the results of the numerical simulation 
of the counterelectrojet. 
Counterelectrojet formation depends on the large- 
scale dynamo like current system that can only be 
observed from magnetograms, following Maeda [ 1962], 
Matsushita [ 1969], and Stening [1977 ]. As our study is 
restricted to quiet days, ground magnetic variations 
give a good image of the actual currents. We have used 
hourly averages of the three magnetic components for 
22 stations listed in Table 3. We refer our stations to 
geographic coordinates for simplicity, since the 
American zone where magnetic latitudes are most 
distorted, showed no counterelectrojet on January 21. 
The counterelectrojet variations of January 21 are 
compared with those of a reference day, January 27 
(broken curves). January 27 shows the most regular 
amplification at the magnetic equator in January 1977 
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Fig. 6. Comparison of the electrical potential distributions derived from the simulation of the 
typical quiet day (solid line) with the Richmond et al. [t980]_ model. Contour spacing is 1000 V. 
The total potential difference found in the simulation is 6.3 kV. -- _ 
and has been used in the previous section to test our 
dynamo model. The estimated equivalent current was 
still markedly different from the mean Sq system. 
3.1 The magnetic diurnal variations extracted from the 
hourly •,H, •D and •,Z values for both days are given on 
Figure 9 for two typical latitudinal chains, 150 ø east 
and 70 ø east. 
1. In the 150 ø east sector, Figure 9a, the 
January 27, • broken curves, which indicate the zonal 
currents, show typical quiet day variations (although 
with an unusually high focus near 50 ø north). By 
contrast, on the solid curves for January 21, the 
24-hourwavelike variation appears to have been shifted 
about four hours earlier; this earlier time peak with its 
strong •,H negative depression results later on in a large 
westward discrepancy from 0400 to 1400 UT, i.e., 1400 
to 2400 LT. The differences in • and •,Z between the 
two days are much smaller; on January 21, the AD 
effect is equivalent to a northward current enhance- 
ment before 0600 UT. The AZ effect, a general north- 
ward current gradient, is maximum at Toolangi (50 ø 
south) around 0800 UT. Finally, in northeast Asia where 
the typical quiet day variation is almost nil at local 
sunset, the January 21 counterelectrojet discrepancies 
indicate intense south to north current gradients 
TABLE 2. Geographic and Magnetic Coordinates for the Incoherent Stations Used in the 
Empirical Model (from Richmond et al. 1980 ) 
Station 
Geographic Coordinates 
deg. 
Geomagnetic Coordinates 
deg. 
Latitude Longitude Latitude Longitude 
Millstone Hill 42.6 -71.5 57 I 
Sain t- San tin 44.1 2.0 40 78 
Arecibo 18.5 -66.8 31 5 
Jicamarca - 12.0 - 76.9 I -8 
Geographic coordinates are for radar location; magnetic coordinates are for mean 
ionospheric location of observatiøns. 
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Fig. 7. Diurnal variation of the electric field compu- 
ted from the simulation for various latitudes compared 
to empirical and local models derived from incoherent 
scatter measurements. The eastward component 
agrees very well for all stations. 
through the 30 ø to 60 ø north latitude band. Further 
east, similar but much weaker effects appear at 
Honolulu (not shown); the eastward boundary of this 
counterelectrojet phenomenon must therefore lie 
between 150 ø and 200 ø East. 
2. In the 70 ø east longitude sector (Figure 9b) the 
quiet day broken curves are on the whole typical of a 
regular Sq variation. The AH variation at Sverdlovsk, 
still positive, suggests that the Sq focus was either 
nonexistent or above 55 ø north. The January 21 curves 
indicate early intense direct currents, followed by 
abrupt reversals, which are quite consistent along the 
Soviet-Indian network, maximizing for all three compo- 
nents between 0900 and 1100 UT, i.e., from 1#00 to 
1600 LT. The H and D variations indicate intense 
westward and northward currents during the day, 
especially between the magnetic equator and Sabhawala 
(30 ø north). 
3.2 The current flow vectors deduced from the above 
variations are given on latitude local time charts of the 
northern hemisphere in Figure 10. 
1. In the 150 ø east sector (Figure 10a) the daytime 
quiet day vortex of January 27 does not show up clearly; 
it appears to localize near #5 ø north latitude (the 
surprising feature is the intense nighttime eastward 
flow, which persists from sunset till local midnight 
except at high latitudes). On January 21, the correspon- 
ding nighttime currents also appear intense, but are 
directed westward as far north as #5 ø north geographic. 
At higher latitudes, the current vectors veer to the 
southwest. Here again no vortex can be clearly identi- 
fied. On the dayside, we find the normal (counter- 
clockwise) vortex of currents focussing near latitude 
35 ø north. 
2. The 70 ø east magnetic data give a simpler 
picture. On Figure 10b, the quiet day current pattern of 
January 27 shows the expected counter clockwise 
vortex, although its focus appears to be near 55 ø north 
(so that most of the northern westward currents 
probably flow off the map; here, January 27 presents an 
extreme case of 'regular' dynamo variations). The 
evening boundary, which occurs at 1500 UT at the 
magnetic equator, is retarded until 1700 UT (2200 LT), 
at higher latitudes; if our nighttime levels are correct, 
this suggests considerable F region flow. By contrast, 
the chart for January 21 (Figure 10b) shows an abrupt 
northward return at all latitudes at 1000 UT (i.e., 
before 1500 LT) that begins two hours earlier at the 
magnetic equator. The daytime focus latitude is near 
50 ø north. The daytime counter vortex (clockwise) 
maximizes at 1600 LT, decreases rapidly in amplitude 
around 1800 LT, but remains as an abnormally strong 
flow into the night with an apparent focus near 25 ø 
north. 
Thus the counterelectrojet vortex apparent on the 
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Fig. 8. H magnetic variation and phase velocity measurements performed in Addis-Ababa on 
January 21, 1977. Usual type 1 and type 2 Doppler spectra are detected before the current 
reversal. Two other spectral types can be detected later: type O with a phase velocity equal to 
the electron drift velocity and type H with a low constant phase velocity. 
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Fig. 9. Three components magnetic variations recorded during a typical quiet (3anuary 27, 1977) and the counter-electrojet day (3anuary 21, 1977) in two longitude sectors. 
day 
3anuary 21 magnetograms is of almost global scale, 
covering longitudes from 200 ø to 30 ø east. The quasi- 
simultaneous appearance of the midlatitude reverse 
effects at 150 ø and 75 ø longitudes helps us to locate the 
source of the reversal around 100 ø east. The fact that a 
strong negative AD originating before 0000 UT near 
150 ø east in the southern hemisphere is followed by a 
strong negative /XH appearing first at Toolangi near 
0000 UT suggests the semidiurnal driving wave to be 
triggered by a southern hemisphere disturbance. 
4. Simulation of the 3anuary 21, 1977 Counterelectrojet 
The validity of our dynamo model has been confir- 
med by the good agreement, found in section 3, between 
electric field values for a magnetically quiet day 
derived from this model and empirical models. We can 
therefore apply it safely to the study of the strong 
counterelectrojet event of 3anuary 21, 1977. 
The experimental magnetic variation and the best 
fit linear combination of tidal modes are shown on 
Figure 11 for Addis-Ababa nd Lvov respectively. Only 
the two semidiurnal modes S(2,2) and S(2,•) have been 
used as meaningless phase changes are found when the 
diurnal mode is taken into account; for example, its 
phase should be shifted by about 12 hours. This disa- 
grees with the concept hat the tide is generated by the 
diurnal solar heating of the thermosphere since the 
maximum solar heating would then occur around mid- 
night ! It is more probable physics to consider that this 
diurnal mode has not vanished but is strongly damped. 
Such an effect has been observed on meteor radar data 
(3. L. Fellous, private communication, 1982). 
The coefficients of the quadrature components are 
given in Table 1. The related amplitude and phase 
values are respectively 1.6 and +2 hours for the S(2,2) 
mode and 1.2 and -4.8 hours for the (2,•) mode as 
compared to the model plotted on Figure 1. These may 
seem high, especially the phase shift but a strong 
counterelectrojet is an exceptional phenomenon. 
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Moreover, the tidal model is seasonally averaged and 
previous studies have shown that the diurnal contribu- 
tion was weaker and the semidiurnal modes were 
stronger during the winter solstice [Marriott et 
1979]. A phase shiœt of a few hours is also quite 
possible for a propagating mode. 
The map of the total horizontal current associated 
with the fit is plotted on Figure 12. The system is 
strongly distorted from the normal Sq pattern, with two 
contrarotating vortices centered at low latitudes. The 
boundary condition of a null northward current at the 
magnetic equator closes these vortices with an east- 
ward current in the morning and a westward current in 
the afternoon. The comparison with experimental data 
has been restricted to the maps plotted for a given 
longitude zone as a function of local time (Figure 10) 
since no equivalence can be found between local time 
and longitude. The stations used in the regression are 
located in the 30 ø E longitude zone where the compa- 
rison with the data is insigniœicant due to the lack of 
data between 5' and #0' latitude. The simulation gives 
two current vortices as in the 70*E longitude zone, 
with a variation similar to that of a quiet day in the 
morning and a reversal after noon. However, the two 
vortices are centered at lower latitudes in the simula- 
tion than in the experiment. 
The neutral wind profile at the equator has been 
derived by applying the coefficients of the regression to 
the equatorial wind profile computed for each quadra- 
ture component. The results for various local times are 
brought together on Figure 13. The semidiurnal varia- 
tion is typified by the reversed profiles between 
1000 LT and 1600 LT. The wind maximizes in the 
E region at an altitude close to 110 km with an 70 m/s 
amplitude but decreases steeply to less than 20 m/s 
around !00 kin. 
The wind value during the counterelectrojet event is 
from 0 to 20 m/s westward at this altitude. Though the 
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Fig. 10. Yhe pattern of total equivalent current observed on the typical quiet day and on the 
counter-electroiet day in two longitude sectors (150 ø and 70 ø east). Stations are too sparse in the 
30 ø E sector for such patterns to be derived. 10a and !0b, same as Fig. 9b and 9a. 
direction agrees with the radar observations, this 
amplitude is much too weak to explain the horizontal 
waves detected as type H spectra. 
5. Discussion and Conclusion 
We have used a global dynamo model of ionospheric 
current flows to study the interrelationship of equato- 
rial and planetary currents on quiet days for both 
normal and abnormal variations of the equatorial 
electrojet. In order to take advantage of coherent radar 
measurements performed at Addis-Ababa during a 
strong counterelectrojet event that occurred on 
3anuary 21, 1977, we simulate the dynamo global 
current system, first for a reference normal quiet day 
of the same month and second for the counterelectrojet 
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daY; we used a linear combination of the (1,-1), (2,2) electrostatic potential pattern, as well as the total 
and (2,#) tidal modes, which we adjusted linearly, both voltage drop generated by the wind source, are in good 
in amplitude and in phase, to the H component variation agreement with the empirical UT-averaged pseudo- 
at the magnetic equator. potential distribution deduced by Richmond et al. 
For the reference quiet day (January 27, 1977), an [1980] from quiet day incoherent scatter measure- 
adjustment of the (1,-2) and (2,2) tidal winds to ments of the ionospheric electric field. When a direct 
reproduce the Addis-Ababa H trace yielded a very comparison is made between the computed electric 
satisfactory pattern of currents and electric fields at field and the quiet day models available for each of the 
low and middle latitudes. The horizontal current circu- five nonpolar incoherent scatter stations, an excellent 
lation is very similar to th e Sq current system. The agreement is found at all stations for the east-west 
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Fig. 11. Magnetic variations recorded on :January 21, 1977 (solid line), in Addis-Ababa (upper 
panel) and Lvov (lower panel) respectively in comparison with the result of the best fit regression 
performed with S(2,2) and S(2,4) tidal modes (dotted line). 
component. The agreement on the north-south compo- 
nent is overall substantially poorer. It is satisfactory 
only in the vicinity of the Saint-Santin latitude, and 
substantial discrepancies are found both at high and low 
latitudes and at night. 
The phases of the tidal modes we have used are very 
close to the reference phase defined by Salah and Evans 
[ 1977], but our amplitudes are 20 to 40 96 smaller than 
the reference amplitude. Since this reference is derived 
directly from tidal wind observations at 45 ø latitude 
and therefore corresponds to a realistic altitude profile 
of these winds, some other cause than the tidal winds 
must be invoked to explain this slight discrepancy. It 
probably arises from the rather poor knowledge we 
presently have of the real latitudinal profile of the tidal 
winds at dynamo region altitudes. This profile can be 
checked experimentally at two different latitudes only 
(Saint-Santin and Arecibo). This is clearly a very severe 
limitation to future improvements of dynamo modelling. 
For the counterelectrojet day, our attempt at 
reproducing simultaneously the H trace at Addis-Ababa 
and the D trace at Lvov (50 ø geographic latitude) in the 
same longitude section was successful; we found it 
possible to construct a consistent solution to the 
problem of the electrical connection between the 
equatorial counterelectrojet and the planetary dynamo 
layer. The current circulation found in the computation 
involves two current vortices of opposite directions 
flowing on each side of the noon sector, anticlockwise 
in the morning and clockwise in the afternoon, and 
confined to low latitudes. In this pattern, the current 
flow is directed polewards at low latitudes at noon. This 
feature is clearly observed on the equivalent currents 
deduced from the chain of magnetic stations located in 
the 70 ø E latitude sector, which is the sector closest to 
Addis-Ababa for which low latitude magnetic records 
were available. 
The counterelectrojet series drawn up from global 
magnetic variations by Stening [1977] provides a 
sample for comparison. His eight cases all indicated a 
semidiurnal tide amplification. All cases showed 12 hour 
waves lasting 2400 UT hours, four of them were 
synchroneous in local time, the others 'migrated' behind 
or ahead of the sun. Our January 21, 1977, case corres- 
ponds to a slow Stening case covering only half the 
globe. All these intense events occurred near December 
solstice, and their subauroral origin appears to be in the 
southern hemisphere. This precludes an interpretation in 
terms of low-latitude winds and currents alone. The 
counterelectrojet trigger must therefore be capable of 
amplifying semidiurnal modes over a wide latitude 
range. The extreme variability of quiet day magnetic 
variations labeled 'regular' by P.N. Mayaud [ 1965 ] 
adds to the difficulty of finding this trigger. 
To explain the magnetic variation in Asia on 
January 21, 1977, and to reproduce the observations 
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Fig, 12. The pattern of height integrated horizontal current density associated to the regression 
of Figure 11, The two contra-rotating vortices close at low latitudes with a northward current 
around noon and at the magnetic equator: the morning current flows eastward and the afternoon 
current flows westward. 
with realistic tidal winds, we had to assume in our 
formulation that the diurnal tide on the counter- 
electrojet day was negligible and to use a linear 
combination of the (2,2) and (2,4) semidiurnal tides only. 
With this combination, the zonal wind produced at the 
magnetic equator at the time of the counterelectrojet 
maximizes in the E region around 115 km altitude with 
a 50 m/s eastward wind and reverses westwards around 
100 km; this is in the right direction to explain the 
radar observations, although too strong since these 
yielded an amplitude of only 20 m/s. 
This is much too weak to confirm the hypothesis of 
horizontal waves detected as type H spectra. Never- 
theless, they might have existed, if some extra-solar or 
lunar tide not allowed in our model were effective: 
observed counterelectrojet amplitudes are consistently 
higher than those reproduced by our model. The lunar 
phase on January 21, 1977 (u = 1), was in fact favorable 
to the generation of a westward electric field in the 
afternoon hours. Second, some of these modes, depen- 
ding on their vertical wavelength and the conductivity 
profile, could produce strong winds without contributing 
significantly to the current. This must be remembered 
since our regression has been performed on the current 
represented by the magnetic ground variation. For 
example the current generated by the S(2,#) mode is 
weak at the equator as seen from the magnetic 
variation plotted in Figure 3. This mode still generates 
more wind than the S(1,-2) or S(2,2) modes in the 
E region. 
Another strong counterelectrojet event, which was 
recorded in Huancayo, Peru, on January 13, 196#, has 
been simulated in a previous study [Marriott et al., 
1979 ]. In agreement with our results, the diurnal tide 
was found to be very weak, while the semidiurnal tide 
was greater than usual. Their current system showed a 
protrusion of the northern winter vortex into the 
southern hemisphere and counterelectrojet effects were 
noticeable outside the geomagnetic equator. Such a 
protrusion is impossible in our model, which assumes an 
interhemispheric symmetry with north-south currents 
vanishing at the magnetic equator where the equatorial 
electrojet flows purely eastwards or westwards. The 
equatorial wind profile has not been computed for this 
event. 
The damping of the diurnal S(1,-2) mode may be 
related to day to day fluctuations that are particularly 
common around the winter solstice, especially in 
January. The minor contribution of this mode to the 
total current may also be due to a combination of its 
vertical wavelength with the conductivity peak altitude. 
The two are usually so located as to produce together a 
strong current but a shift of a few kilometer in altitude 
might be sufficient to reduce the diurnal tide contribu- 
tion to the current. 
The recent long experiments by the incoherent 
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Fig. 13. The equatorial neutral wind profile derived from the linear combination of tidal modes 
found in the counter-electrojet simulation. In the afternoon, the wind is westward around 100 km 
with an amplitude of less than 20 m/s. 
scatter radar at St-Santin have shown up a large day to 
day variability of quiet ionospheric tides at the 
December solstice. In particular, higher order modes 
like terdiurna] ones appear to be abnormally strong 
around the December solstice [ Bernard, 1978 ]. The Sq 
current system of Chapman and Bartels [19#0] based 
on average statistics expresses an ideal mechanism of 
first-order physical meaning only. The counter- 
electrojet events emerge as extreme cases of this day 
to day variability, and can be explained by a simple 
superposition of elementary tidal modes. The disappea- 
rance of the S(1,-2) diurnal solar mode needs experi- 
mental confirmation. Any series of wind measurements 
spanning the 100 to 160 km range in Asia would be very 
welcome to discriminate between the many wave 
energy transfer processes theoretically probable at 
E region levels, especially in the winter solstice. 
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